Influenza virus causes seasonal epidemics and occasional pandemics. The best way to prevent influenza outbreaks is to vaccinate the population with a vaccine antigenically matched to the circulating virus. In the United States, 2 types of influenza vaccine are currently available: a trivalent or quadrivalent inactivated influenza vaccine (IIV), which is administered intramuscularly or intradermally, and a quadrivalent live attenuated influenza vaccine (LAIV), which is administered intranasally. The 2 envelope proteins of influenza virus, hemagglutinin (HA) and neuraminidase (NA), are considered the primary antigenic targets of protective antibody (Ab). These antigens can be highly variable from one year to the next, and the vaccine efficacy is reduced when circulating virus strains are antigenically mismatched with the vaccine strains [1, 2] .
Several efficacy studies for IIV versus LAIV showed that LAIV had better efficacy than IIV in children, whereas IIV had an efficacy comparable to or better than LAIV in adults (defined as individuals aged 17-49 years old) [3] . LAIV is not currently licensed for use in children <2 years old or in adults aged ≥50 years. However, limited data suggest that the 2 vaccines are similarly effective in adults older than 60 years [4] .
Influenza virus-specific serum Ab levels have been shown to correlate with protection against subsequent influenza [5] [6] [7] . Therefore, strain-specific circulating Abs are considered a major mediator of protective immunity. The serum Ab response after IIV receipt, measured by neutralization or hemagglutination inhibition assays, is a well-established correlate of vaccine efficacy [8, 9] . In contrast, despite the comparable or superior efficacy of LAIV in different age groups, serum Ab responses to LAIV are always much weaker than after IIV and are generally poor correlates of efficacy [10, 11] .
Plasmablasts derived from activated B cells are released from germinal centers and transiently appear in the circulation approximately 7 days after influenza vaccination, before they migrate to different organs. These plasmablasts are highly enriched with vaccine-specific Ab-secreting cells (ASCs) [12] . By studying this plasmablast response, important quantitative and qualitative features of the B-cell response to influenza vaccination have been characterized [12] [13] [14] [15] [16] . The goal of the current study was to evaluate vaccine-induced plasmablast responses in healthy young adults vaccinated with either IIV or LAIV, to identify characteristics of the Ab responses that correlate with their known efficacies. Our findings provide new insights into the Ab responses induced by these 2 types of influenza vaccine. 
MATERIALS AND METHODS

Human Participants, Vaccines, and Blood Samples
Enumeration of ASCs
Total and influenza virus-specific immunoglobulin A (IgA) and immunoglobulin G (IgG) ASCs were enumerated using enzyme-linked immunosorbent spot (ELISPOT) analysis, as described elsewhere [15] . For total ASCs, 96-well MultiScreen HTS plates (Millipore) were coated with goat anti-human IgA, IgG, and immunoglobulin M (heavy and light chains; KPL). For influenza virus-specific ASCs, the plates were coated with IIV (Fluzone) or recombinant influenza A virus nuclear protein (NP; Imgenex, at 4.5 µg/mL). Plates were blocked, incubated with freshly isolated B-cells mixed with phosphataseconjugated goat antibodies against human IgA(α) or IgG(γ) (KPL), and developed for counting spots [15] .
Generation of Plasmablast-Derived Polyclonal Antibodies (PPAbs)
PPAbs were collected from ex vivo B-cell cultures in complete medium as previously described [14] . The concentrations of IgA and IgG in PPAbs were determined with the ImmunoTek Quantitative Human IgA or IgG enzyme-linked immunosorbent assay (ELISA) kits (Zeptometrix), respectively.
Analysis of Influenza-Specific Binding Activity of PPAbs
ELISAs were performed as described elsewhere [13] . Ninetysix-well ELISA plates (Greiner) were coated with IIV (2.7 µg/mL), recombinant HAs (Immune Technology, at 5 µg/mL), or recombinant NP (5 µg/mL). Plates were blocked and then incubated with serially diluted PPAbs. Wells incubated with complete medium served as negative controls. The plates were washed and incubated with peroxidase-conjugated goat antiIgG(γ) or goat anti-IgA(α) (KPL) and developed with TMB substrate (KPL). The OD 450 nm was measured. The cutoff was set as the mean value plus 2 standard deviations of the average OD 450 nm values of all negative control wells. The titer was defined as the reciprocal of the highest dilution at which the mean OD 450 nm of duplicate wells was greater than the cutoff.
Serum Influenza Virus Neutralization Assay
Influenza virus neutralization assay was performed as described elsewhere [17, 18] . In brief, sera were treated with receptordestroying enzyme (Vibrio cholera filtrate; Sigma-Aldrich) to eliminate nonspecific inhibitors. The treated serum samples were serially diluted and mixed with virus, incubated to neutralize the virus, then transferred to Madin-Darby canine kidney cells and cultured for 4 days. Virus production was determined by an HA assay. Titer was defined as the reciprocal of the highest dilution of serum that neutralized 200 plaque-forming units of influenza virus. See the Supplementary Materials for more details.
Statistical Analysis
Geometric means were compared between groups using 2-sample t tests, adjusted for unequal variances, and paired t tests. Means of ratios were compared between groups by fitting regression models, using the generalized maximum entropy (GME) approach [19] for comparisons at day 0 and robust MM regression [20] for other comparisons. Additionally, regression fitting via the GME approach was used to compare groups. Results were declared statistically significant if P values were ≤.05. Analyses were conducted in SAS 9.4 (Cary) and GraphPad Prism 5 (GraphPad; La Jolla). See the Supplementary Materials for more details. Figure 1A ). Significant differences were not detected in the number of vaccine-specific ASCs between the participants given the same type of vaccine in the 2 years, consistent with the facts that the component strains of the influenza vaccines for these 2 seasons were identical and that none of the 2011 participants received influenza vaccination in the prior year. The ASC results were consistent with the ELISA titers of vaccinespecific PPAb binding activity ( Figure 1B ), which indicated that both the vaccine-specific IgA and IgG PPAb reactivities following LAIV receipt were significantly lower than those in the IIV group during both 2010 and 2011. These results demonstrate that the plasmablast response induced by LAIV was weaker than that induced by IIV in terms of both vaccine-specific ASC numbers and vaccine-specific PPAb binding activity.
RESULTS
Plasmablast Responses to LAIV and IIV
IgA Response in LAIV Recipients Is More Prominent Than That in IIV Recipients
We compared the ratio of the IgA response to the IgG response in the 2 vaccine groups, based on the frequencies of vaccine-specific IgA and IgG ASCs ( 
Quantity and Avidity of LAIV-and IIV-Induced PPAbs
We next compared the quantities and qualities of PPAb responses to LAIV and IIV. First, we quantified the yield of IgA Figure 3A ). No significant difference was detected in these yields between the 2 vaccine groups. Next, we determined the concentration of vaccine-specific IgA and IgG in PPAbs. Both were significantly lower in LAIV recipients than in IIV recipients ( Figure 3B ). Finally, we estimated the avidity of vaccine-specific IgA and IgG PPAbs, using the quantity of vaccine-specific IgG and IgA PPAbs ( Figure 3B ) and the titer of vaccine-specific PPAbs ( Figure 1B ). Significant differences were not detected in the avidities of vaccine-specific IgA or IgG PPAbs from IIV recipients and LAIV recipients ( Figure 3C ). These results suggest that PPAbs from LAIV recipients have fewer vaccine-specific antibodies than PPAbs from IIV recipients but that the avidities of such antibodies for the immunizing vaccine antigen are not detectably different between the 2 groups. Of note, in both groups, the vaccine-specific IgG avidity was significantly higher than the IgA avidity ( Figure 3C ), suggesting different affecting factors for the Ab affinity maturation in the IgA and IgG compartments. Figure 1A ) and the total number of 3 × 10 6 B cells/mL. C, Avidity of vaccine-specific IgA or IgG PPAbs, defined as the concentration of vaccine-specific PPAbs (B) divided by the vaccine-specific enzyme-linked immunosorbent assay titer of PPAbs ( Figure 1B) [15] . Samples from 2010 and 2011 study participants given each vaccine were combined for these analyses. Bars indicate geometric means. Hypothesis testing used unpaired t tests to compare the IIV and LAIV groups. 
Vaccine-and Heterovariant-Specific Serum Neutralizing Ab Response Induced by LAIV and IIV
The serum neutralization titers before and after LAIV or IIV receipt were measured with the 3 vaccine strains and 4 heterovariant strains ( Figure 6 ). IIV induced significant increases in neutralization titers against all 3 vaccine strains, whereas LAIV induced significant increases in neutralization titers against the H3N2 and B vaccine strains but not the H1N1 strain ( Figure 6A ). The fold-increase in titer for each strain in the IIV group was significantly greater than that in the LAIV group ( Figure 6B) . In both the seronegative and seropositive subjects, the overall frequencies of seroconversion (defined as a postvaccination titer of ≥40 in the seronegative subjects and a postvaccination ≥4 fold titer increase in the seropositive subjects) in the IIV group were significantly higher than those in the LAIV group (seronegative subjects, 83% vs 22%; seropositive subjects, 73% vs 18%; P < .0001 for both comparisons). Heterovariant serum Ab responses were then evaluated using the ratio of titer fold-increase for the heterovariant strain over the titer fold-increase for the homologous vaccine component ( Figure 6C ). Significant differences were not detected in H3N2 and B cross-reactivity between the 2 vaccine groups. In the IIV recipients, the mean neutralization response for the H1N1 variant was 10-fold lower than that for the H1N1 vaccine strain (ratio of response, 0.1; Figure 6C ).
Plasmablast Response to NP in LAIV Recipients Is More Prominent Than That in IIV Recipients
Finally, we measured NP-specific plasmablast responses after immunization with IIV or LAIV. As noted above, the overall vaccine-specific IgA and IgG ASC responses, when measured with IIV, which contains NP in addition to HA and NA [24] , in LAIV recipients were significantly lower than those in IIV recipients ( Figure 1A) . In contrast, when recombinant NP-coated ELISPOT plates were used to detect NP-specific plasmablasts, a significant difference was observed in the NP-specific IgG ASCs but not in the NP-specific IgA ASCs between LAIV recipients and IIV recipients, whereas the percentages of NP-specific IgA ASCs and IgG ASCs among total vaccine-specific ASCs in LAIV recipients were both significantly higher than those in IIV recipients ( Figure 7A ). We also examined the NP-specific IgG PPAb binding activity in LAIV recipients and IIV recipients. IgG binding to recombinant NP was measured by ELISA, and findings were normalized to the binding to the HA of the H1N1 vaccine strain. Although the binding to NP ( Figure 7B ) and HA (data not shown) in the LAIV recipients were each significantly lower than in the IIV recipients, the relative NP binding after normalization to the HA binding in LAIV recipients was significantly higher than that in IIV recipients (Figure 7B) . These results suggest that LAIV induces a relatively greater NP-specific plasmablast response, compared with IIV.
DISCUSSION
The goal of this study was to compare the vaccine induced Bcell responses to LAIV and IIV in young adults. We demonstrated that IIV induced significantly more vaccine-specific ASCs than did LAIV in the peripheral blood 6-8 days after immunization (Figure 1) , which is the peak time for plasmablast responses to IIV [12, 25] and LAIV [13, 26] (unpublished data). Although IIV induced a significantly greater quantity of vaccine-specific PPAbs than LAIV, no differences in vaccine-specific PPAb avidity were detected between the 2 vaccine groups (Figure 3) . We also found that LAIV induced a greater relative IgA plasmablast response (normalized to the IgG response; Figure 2) , as well as a greater relative Ab response to NP (normalized to the response to HA), than did IIV (Figure 7) . Perhaps most interestingly, LAIV also elicited greater cross-reactive plasmablast responses than IIV against variant influenza virus strains, when normalized to the responses against homologous vaccine strains (Figures 4 and 5) . These findings extend and expand our understanding of the different qualities and quantities of B-cell responses to 2 current influenza vaccines and shed light on the mechanisms underlying their respective contributions to protective immunity.
Secretory IgA is a critical component of the acquired mucosal immune response and the first line of defense against respiratory viral infections. A few studies have shown that mucosal HAspecific IgA responses after LAIV are greater than those induced by IIV in seronegative adults [27, 28] , but the lack of sensitive and standardized methods for collection and analysis of mucosal secretory antibodies has discouraged direct measurement of such antibodies in most clinical studies of influenza vaccination. We previously compared PPAbs and serum samples from influenza vaccine recipients and reported that plasmablast responses are better reflections of the ongoing IgA response than serum Ab levels [14] . In the current study, we extended these findings and demonstrated that LAIV induces a relatively greater IgA plasmablast response than IIV (Figure 2) , which is in agreement with the notions that a mucosal Ab response is preferentially induced following immunization at the mucosal site and that the peripheral plasmablast response provides an alternate window for studying mucosal Ab responses.
Currently used influenza vaccines, particularly IIV, provide limited efficacy against circulating strains that are HA mismatched with the vaccinating strain, and universal influenza vaccines that protect against a broader range of seasonal and pandemic influenza viruses are highly desirable. One of the approaches to develop such vaccines is by inducing antibodies to the conserved components of the virus, such as the HA stalk domain [29, 30] , matrix protein 2 [31] , or NP [24] . It was reported that systemic immunization with NP in mice accelerated clearance of influenza virus in an Ab-dependent manner, suggesting a possible protective role of NP-specific antibodies [24] . Interestingly, despite large amounts of NP in commercial IIV preparations [32, 33] , the circulating anti-NP response after IIV vaccination was much weaker than the anti-HA Ab response [24] . In the current study, we demonstrated that LAIV induced a greater relative plasmablast response to NP than did IIV. These results suggest that the native NP carried by LAIV or, more likely, the NP synthesized de novo in LAIV-infected cells is more immunogenic than the NP carried by IIV. It will be important to compare the characteristics of specific antibodies induced by the native NP in LAIV with those induced by the NP component of IIV and to determine their contributions to the efficacy of each vaccine in cross-protection.
We observed that LAIV induced relatively greater cross-reac- [23]. The 2009 seasonal IIV induced an Ab response that predominantly recognized the head domain rather than the stalk domain of the HA [16, 35] . On the other hand, the better cross-reactive HA-specific PPAb response following LAIV immunization was at least in part due to the relatively greater induction of a stalk-specific response ( Figure 5 ). The greater crossreactive Ab response seen after LAIV immunization is in agreement with a previous study that showed a reduced frequency of influenza due to infection with a mismatched influenza virus strain in adults who received LAIV versus those who received IIV [36] . This difference could also contribute to the better crossprotection of LAIV against mismatched strains in children [37, 38] . It will be of interest to determine whether an Ab response against the HA stalk that blocks membrane fusion of the viral particle [29, 30] contributes to the cross-protection efficacy of LAIV.
In agreement with previous reports [10, 11, 13, 26] , we showed that the serum neutralizing Ab response to LAIV was significantly weaker than the response to IIV. Interestingly, despite the substantial cross-reactive PPAb binding to the HA of the heterovariant H1N1 strain after IIV receipt, the mean crossreactive neutralization response for the H1N1 variant was roughly 10-fold lower than that for the H1N1 vaccine strain ( Figure 6C ), indicating that conventional serological analysis does not provide a complete picture of the B-cell response to influenza vaccines. Since the low Ab concentration in PPAb samples prevented direct analysis of their individual neutralizing activity, our analysis of PPAb function was limited to an examination of binding activity. Although viral neutralization is considered a primary mechanism of the protective Ab response, influenza virus-specific nonneutralizing antibodies may also contribute to viral clearance through different mechanisms, including NA-specific antibodies [39, 40] , Fc receptor-mediated phagocytosis [41, 42] , complement-dependent cytotoxicity [43] , and Ab-dependent cell-mediated cytotoxicity [44, 45] . In the current study, we observed substantial differences in the quality and specificity of the plasmablast responses induced by LAIV and IIV. Further analyses of these differences in the context of both neutralizing and nonneutralizing reactivities should provide more insights to the basis of protective immunity following immunization with different types of influenza vaccines.
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